Assignee: Recovery of the timing signal is obtained directly at the receiver of the time-division multiplexed transmission system in accordance with the present invention. At the transmitter, multiplexing (203) of plural return-to-zero format (RZ) channels (201-1-201-N) is delay controlled (202) so that the position of each pulse of each channel within each time slot is offset from the beginning or the end of the time slot by a predetermined fixed delay, the position of the data bits in pairs of adjacent time slots being mirror-imaged with respect to their common time point. The power density spectrum of the resultant signal has an "enchanced' discrete component at the clock frequency and a dip in the continuous spectrum. At the receiver a large amplitude phase-synchronized clock signal is derived from this discrete component in one single step by an injection-locking technique (704). In very high speed multi-Gbit/s fiber optic transmis sion systems onto which plural data channels are time division multiplexed, the usual first step to access the individual data channels at the receiving end is to re cover the timing signal from the received signal for purposes of establishing synchronization, for separating the plural data channels, and for detecting the received data bits.
For the widely used pseudorandom non-return-to zero (NRZ) signal format, the data spectrum is a broad band continuum which does not contain sufficient en ergy at the clock frequency. In order to generate a timing signal at the receiving end from such a data strean two major steps are required. First, nonlinear signal processing steps such as transition enchancement (differentiation/squaring, multiplication), and/or other nonlinear treatment of the received signal are necessary to generate a relatively weak "reference' clock signal. ( For very high-speed and multi-Gbit/s systems, the transmitted signal is constructed by time division multi plexing, in either the electrical or the optical domain, incoming lower speed channels. The signal on each incoming lower speed channel and the multiplexed signal generally has a return-to-zero (RZ) signal format. In the RZsignal format, each time-slot contains either a pulse of finite width (less than the width of the time slot), representing a binary ONE, or no pulse, represent ing a binary ZERO. Multiplexing with the RZ format is the common approach in multi-Gbit/s communication systems to increase the network throughput and in fiber optic systems to take more efficient advantage of the vast fiber bandwidth. (See for example, "1. An object of the present invention is to modify, at the transmitter, the spectrum of the multiplexed pseudoran dom RZsignal so as to enhance the discrete clock com ponent while simultaneously depressing the continuous component at that frequency to allow the enhanced clock component to be used, at the receiver, as the "reference' timing signal. The aforenoted preprocess ing stages in the receiver needed to produce a reference clock signal can then be eliminated.
A further object of the present invention is to directly obtain, at the receiver, from this discrete clock compo nent, the necessary large amplitude clock signal without the conventional multipart second stage processing circuitry needed in the aforenoted prior art timing re covery circuits.
A feature of the present invention is that the signal processing steps for clock recovery at the receiver can be performed in a fewer number of stages leading to a reduction of the receiver design complexity and a con comitant reduction in overall receiver cost.
SUMMARY OF THE INVENTION
In the transmission system of the present invention, time-division multiplexing in the electrical or optical domains of plural pseudorandom RZ format data chan nels is controlled in such a manner that the position of the data pulse of each channel within the time slot as signed to each data channel is not uniform from time slot to time slot but is set unevenly in a predetermined pattern. In particular, the position of the pulse of each channel within each time slot is offset from the begin ning or the end of the time slot by a predetermined fixed delay, the position of the data bits in pairs of adjacent time slots being mirror-imaged with respect to the com mon time point of the pair. Thus for an N channel sys tem (N being even), pulses in channels 1,3. ...,N-1 are offset by a fixed delay of td from the beginning of their respective time slots, and pulses in channels 2,4, . . . , N are offset by the same fixed delay td from the end of their respective time slots. As a result of this controlled multiplexing, the frequency spectrum of the resultant interleaved data stream will thereby have an "en hanced' discrete component at the clock frequency surrounded by a spectral "dip" or "hole' in the contin uum. By properly selecting td relative to the length of the time slot, the discrete power at the desired clock frequency can be optimized. In accordance with the present invention, the final, jitter-free large amplitude clock signal is derived at the receiver from the discrete frequency component at the clock frequency in one single step by an injection-locking technique.
Advantageously, the present invention obviates the need for preprocessing circuitry at the receiver to de 5,050, As can be noted, the spectrum contains a discrete en ergy component at the clock frequency f = 1/T where T is the clock period. This discrete component, how-30 ever, is fully embedded in the continuous part of the data spectrum and cannot recovered without prepro cessing of the signal at the receiver.
In accordance with the present invention, multiplex ing (in the optical or electrical domains) at the transmit ter is controlled in such a manner to enhance the desired discrete component of the power spectrun and to de It can be shown that the power spectrum of multi plexed random data sequences will have an enhanced discrete component at the desired clock frequency f= 1/T and lowers the power content in the dic and low frequency part of the data spectrum, as is shown in  FIG. 4 . By performing a spectral analysis of the con trolled multiplexing scheme, the discrete power compo nent can be optimized by selection of the adjustable parameters td and the pulse width, ot. For the sake of analysis, the optimization of the controlled multiplexing scheme for two data channels is presented hereinbelow. The analysis can then be applied to a higher number of channels. It is assumed that each channel signal is a random data sequence consisting of uncorrelated identi cally distributed ZERO and ONE symbols. It is also assumed that the transmitter maps the information of channel one into the signal s(t) delayed td from the beginning of the time slot, and channel two information into the signal s2(t) delayed td away from the end of the bit time slot (i.e. at the position T-ta), respectively. The corresponding Fourier transform components S1(f) and S2(f) are written as:
The Power Spectral Density of the multiplexed signal In order to assess how much energy there is at the clock frequency, the following ration is computed:
-Power in Pharmonic R1 = Total Power By using the first and second terms in the summation of expression (1) yields -2sin (tra) cos(at 1 -243) variation of R1 as a function of (3 when a is set equal to 0.185. It can be noted that at the optimal value, 23% of the total power is in the fundamental clock signal.
FIG . 6 shows the normalized continuous spectrum for the optimal values of a. and (3 noted above. At the clock frequency (i.e. f Te= 1), the continuous spectrum has a "dip" resulting in a low jitter clock extraction. Since the discrete clock component (as the reference 5 clock) now exists in the received power spectrum, the first stage of clock processing is no longer required.
Rather, the second stage of processing can be per formed by using a physically realizable narrow band pass filter followed by amplification. In accordance with the present invention, the received reference clock is injected into an electronic oscillator the output of which will be the final clock signal. The injection lock ing mechanism is a well known phenomenon and is widely used for synchronization (see, for example, "In jection Locking of Microwave Solid-State Oscillators', by K. Kurokaw, 1973 , Proc. Ieee, 61, pp. 1386 -1410 . As in any oscillator, the oscillation builds up from the noise and parasitic signals. For the injection-locked case, when the injected signal frequency is near the center frequency of the oscillator resonant circuit, the onset of oscillation will be triggered by injection rather than noise. In this way, the oscillator frequency and phase are coupled to the exact frequency of the injected signal and, simultaneously, phase-synchronized by injection. The injection locking employed herein is equivalent to a narrow bandpass filtering of the received data spec trum (within the oscillator resonance range), while at the same time, providing large signal amplification (with a typical gain of as 100). Thus, in one step, a low jitter, large amplitude, in-phase clock is obtained by injection-locking without requiring additional signal processing (see, for example, "Direct timing extraction in a modified-Manchester coded picosecond optical pulse fiber optic transmission system" by the inventor herein, 1988, Electrn. Lett., 24, No. 18, pp. 1151 -1152 .
With reference to FIG. 7 , the circuit for recovering the timing signal from the received signal is shown. A receiver front end circuit 701 accepts the received sig nal on input 702. In the optical domain, receiver front end circuit 701 accepts the input from an optical fiber and the receiver front end includes a photodetector for converting the optical signal to an electrical signal, and a low noise wideband amplifier. In the electrical do main, receiver front end circuit 701 accepts the input via an antenna and includes a low noise wideband am plifier. As a result of the controlled multiplexing, the receiver can be accoupled due to the absence of a dc component and the low power content at low frequen cies. The resultant electrical output of circuit 701 is divided by power divider into two portions. A first portion is applied to the injection-locked oscillator 704 which generates on oscillator output 705, as detailed hereinabove, the large amplitude phase-synchronized clock. This clock signal is applied to demultiplexer 706 together with the second output 707 of power divider 703 which contains the received multiplexed data sig nal. The clock signal causes the multiplexed channels in the data signal on 707 to be separated and directed onto the individual N output channels 708-1-708-N.
Other embodiments of the receiver circuitry which recovers the large amplitude clock signal and demulti plexes the received channel can also be implemented. For example, in the optical domain, an incoming optical signal that has not been converted to an electrical signal can be used to directly trigger an oscillator (e.g. a pho totransistor oscillator) which by injection-locking gen erates a large electrical clock signal. This electrical clock signal is then used for demultiplexing, in the elec trical domain, the received signal after is has been con verted from optical to electrical domains.
Alternatively, for directly processing in the optical domain, the incoming optical signal can be applied to an 5,050,167 optical demultiplexer (such as a LiNiO3 switch) which is controlled by an electrical clock signal generated by the optical injection-locked oscillator, as described above. The optical demultiplexer then separates the input optical signal into plural optical output channels.
The above-described embodiments are illustrative of the principles of the present invention. Other embodi ments could be devised by those skilled in the art with out departing from the spirit and scope of the present invention.
What is claimed is:
1. In the transmitter of a time-division multiplexed system which multiplexes at a clock frequency data pulses from plural input channels onto an output data pulse stream, each output data pulse being within a time slot, multiplex control means for controlling the posi tion of the data pulse for each channel within the time slot associated with that channel comprising means for offsetting the position of the data pulse by a predeter mined delay from the beginning of the each time slot associated with selected ones of the plural input chan nels, and means for offsetting the position of the data pulse by said predetermined delay from the end of each time slot associated with the other of the plural input channels, wherein the power density spectrum of the multiplexed data stream has an enhanced discrete com ponent at said clock frequency and the continuous por tion of said spectrum has a dip in the region of said clock frequency.
2. In the transmitter of claim 1, said multiplex control means further comprising means for offsetting the posi tion of the data pulse in each time slot so that the pulse position in pairs of adjacent time slots form a mirror-im age with respect to the common time point of each pair.
3. In the transmitter of claim 2, the pulse width of each data pulse being approximately 18.5 percent of the length of the time slot and said predetermined time delay being approximately 9.2 percent of the length of the time slot.
4. A time-division multiplexed transmission system for transmitting between a transmitter and a receiver in an output data pulse stream at a clock frequency multi plexed data pulses from plural input channels, each output data pulse being within a time slot in the output data stream comprising:
at the transmitter, multiplex control means for con trolling the position of the data pulse for each chan nel within the time slot associated with that chan nel in the output pulse stream comprising means for offsetting the position of the data pulse by a prede termined delay from the beginning of the each time slot associated with selected ones of the plural input channels, and means for offsetting the posi tion of the data pulse by said predetermined delay from the end of each time slot associated with the other of the plural input channels, and at the receiver, timing recovery means for deriv ing a large amplitude timing signal at said clock frequency comprising an injectionlocked oscillator and means for applying a portion of the received multiplexed data stream to said injection-locked oscillator, said oscillator generating a large ampli tude timing signal phase-synchronized with the received data stream.
5. At the transmitter of the transmission system in accordance with claim 4, said multiplex control means further comprising means for offsetting the position of the data pulse in each time slot so that the pulse position 5,050, 167 7. in pairs of adjacent time slots form a mirror-image with respect to the common time point of each pair.
6. The transmission system of claim 5 wherein the pulse width of each data pulse is approximately 18.5 percent of the length of the time slot and said predeter mined time delay is approximately 9.2 percent of the length of the time slot. 7. A timing recovery circuit for the receiver of a time-division multiplexed transmission system which receives at a clock frequency a multiplexed data pulse stream from plural channels, each data pulse being within a time slot in the data stream, the power spec trum of the data stream having an enchanced discrete frequency component at said clock frequency and a dip in the continuous spectrum in the region of said clock frequency, said timing recovery circuit comprising an injection-locked oscillator, and means for applying a portion of the received multiplexed data stream to said injection-locked oscillator, said oscillator generating a large amplitude time signal phase aligned with the re ceived data stream. 8. A transmitter for a time-division multiplexed trans mission system comprising:
input means for receiving the data pulse streams from plural input channels; a multiplexing means for multiplexing onto an output pulse data stream at a clock frequency the data pulses from said plural input channels, each data pulse in said output pulse stream being within a time slot; and multiplex control means connecting said input means and said multiplexing means for adjusting the posi tion the data pulse within each of the time slots in the output pulse stream comprising means for off setting the position of the data pulse by a predeter mined delay from the beginning of each time slot associated with selected ones of the plural input channels, and means for offsetting the position of the data pulse by said predetermined delay from the end of each time slot associated with the other of the predetermined plural input channels. wherein said multiplex control means further comprises means for offsetting the position of the data pulse in each time slot so that the pulse position in pairs of adja cent time slots form a mirror-image with respect to the common time point of each pair. 10. A method of deriving a timing signal in a time division multiplexed transmission system which trans mits between a transmitter and a receiver in a data pulse stream at a clock frequency multiplexed data pulses from plural input channels, each output data pulse being within a time slot in the output data stream, comprising the steps of:
controlling the multiplexing of the plural input chan nels at the transmitter so the power spectrum of the multiplexed data stream has an enhanced discrete component at the clock frequency and a dip in the continuous spectrum in the region of the clock frequency; and directly deriving the timing signal at the receiver from the enhanced discrete component in the spec trum of the received multiplexed data stream. 11. The method of claim 10 wherein the step of con trolling the multiplexing comprises the step of:
offsetting, in the multiplexed data stream, the position of the data pulse by a predetermined delay from the beginning of each time slot associated with selected ones of the plural input channels and offsetting the position of the data pulse by said predetermined delay from the end of each time slot associated with the other of the plural input channels. 12. The method of claim 11 wherein the step of offset ting comprises the step of:
offsetting the position of the data pulse in each time slot so that the pulse position in pairs of adjacent time slots form a mirror-image with respect to the common time point of each pair. 13. The method of claim 10 wherein the step of di rectly deriving the timing signal comprises the step of: applying the received multiplexed data stream to an oscillator for injection-locking. k sk ck k xi.
